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(54) Method and apparatus for controlling downforce during friction stir welding 



(57) The present invention provides a friction stir 
welding device for optimizing the depth of a friction stir 
welding tool in a workpiece. The welding device includes 
a spindle and a welding tool in rotatable communication 
with the spindle. The welding device also includes an 
inner housing defining an aperture through which the 
welding tool at least partially extends. Preferably, the in- 
ner housing has a plurality of cam followers. The device 
also includes an outer housing defining an aperture for 
at least partially receiving the inner housing. The outer 
housing has a base member and a riser that is rotatably 



mounted to the base member and that defines a plurality 
of inclined surfaces upon which the plurality of cam fol- 
lowers ride. The welding device includes a sensor in 
electrical communication with a controller for measuring 
the magnitude of force exerted by the welding tool upon 
the workpiece. In one embodiment, the welding device 
includes a motor and belt drive assembly responsive to 
the controller and in operable communication with the 
riser to modify the depth at which the welding tool is in- 
serted into the workpiece and, correspondingly, the 
force exerted by the welding tool upon the workpiece. 
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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates to friction stir 
welding and, more particularly, relates to controlling the 
force exerted by a friction stir welding tool. 

BACKGROUND OF THE INVENTION 

[0002] Friction stir welding is a relatively new process 
using a rotating tool to join two workpieces in a solid 
state. At present, the process is applied almost exclu- 
sively in straight line welds. For example, such a proc- 
ess is described in U.S. Patent No. 5,460,317 to Tho- 
mas et al. When using friction stir welding to join two 
workpieces, or repair cracks in a single workpiece, one 
of the primary parameters that must be monitored and 
controlled is the force exerted by the tool on the work- 
pieces or workpiece. The magnitude of the force exerted 
by the tool must be maintained above a prescribed min- 
imum in order to generate the required frictional heating 
of the workpieces. When joining two workpieces along 
a straight line, the tool is plunged by the friction stir weld- 
ing machine to the depth necessary to produce the re- 
quired resistance force to generate the frictional heat- 
ing. Once that depth is achieved no further monitoring 
is required provided that proper depth is maintained. 
[0003] As illustrated in Figures 8A and 8B, when join- 
ing workpieces 10, 11 having complex, curvilinear ge- 
ometries, controlling the depth of the tool 9 becomes 
problematic because the complex geometry 12 may not 
perfectly match the contoured path 13 that the numeri- 
cally controlled machine is programmed to follow. If a 
discrepancy 8 between the actual workpiece geometry 
and the programmed path occurs, the weld joint formed 
may be defective as the friction stir welding tool will ei- 
ther exceed the optimum depth or else fail to sufficiently 
penetrate the workpieces. This discrepancy may occur 
as a result of tolerance build-up during the fabrication 
of the workpieces being joined, as well as a possible 
error in the set-up of the workpieces on the friction stir 
welding machine or other manufacturing or engineering 
errors. 

SUMMARY OF THE INVENTION 

[0004] The present invention provides an apparatus 
and an associated method for friction stir welding work- 
pieces having complex, curvilinear geometries. The fric- 
tion stir welding device includes a milling machine hav- 
ing a spindle in rotatable communication with a friction 
stir welding tool. Advantageously, since the force exert- 
ed by the friction stir welding tool upon the workpieces 
is related to the depth of penetration of the friction stir 
welding tool in the workpieces, the depth of the friction 
stir welding tool may be modified by automatically trans- 
lating the welding tool in the axial direction relative to 



the spindle in response to changes in the magnitude of 
the force exerted by the welding tool upon the workpiec- 
es. As such, the method and apparatus of the present 
invention can adjust the depth of the friction stir welding 
5 tool in the workpieces so as to optimize the depth of the 
tool and the uniformity of the weld joint. 
[0005] According to one embodiment, the friction stir 
welding device is provided with first and second cou- 
pling members. The first coupling member has first and 
second opposing ends with the first opposing end being 
adapted to engage the rotatable spindle. The second 
coupling member also has first and second opposing 
ends with the first opposing end being adapted to re- 
ceive the friction stir welding tool. The second opposing 
end of the second coupling member is adapted to en- 
gage the second opposing end of the first coupling 
member to thereby communicate the rotation of the 
spindle to the friction stir welding tool and to permit the 
axial translation of the friction stir welding tool relative 
to the spindle. 

[0006] The friction stir welding device also includes 
means for measuring the magnitude of the force exerted 
by the friction stir welding tool upon the workpieces. Ac- 
cording to one embodiment, the means for measuring 
the magnitude of the force includes a computing means 
in electrical communication with a sensor, such as a 
strain-gage load cell, a piezoelectric load cell, a dy- 
namometer, a pneumatic load cell, or a hydraulic load 
cell. 

[0007] Advantageously, the friction stir welding device 
also includes means, responsive to the measuring 
means, for axially translating the second coupling mem- 
ber relative to the first coupling member so as to axially 
translate the friction stir welding tool relative to the spin- 
dle in order to modify the force exerted by the friction 
stir welding tool upon the workpieces. 
[0008] According to one embodiment, the axial trans- 
lating means responsive to the measuring means also 
includes an inner housing defining an aperture through 
which the friction stir welding tool at least partially ex- 
tends. The inner housing has a plurality of cam followers 
attached thereto. The friction stir welding device also in- 
cludes an outer housing defining an aperture for at least 
partially receiving the inner housing. The outer housing 
has a riser that is rotatably mounted to a base member. 
The riser defines a plurality of inclined surfaces upon 
which the plurality of cam followers ride. In the preferred 
embodiment, the axial translating means also includes 
a motor in operable communication with a drive assem- 
bly, such as a belt drive or a gear drive for moving the 
riser relative to the inner housing. 
[0009] In another embodiment, the axial translating 
means may include a power screw. In still another em- 
bodiment, the axial translating means may include an 
actuator assembly, such as at least one pneumatic ac- 
tuator arm or at least one hydraulic actuator arm. 
[0010] The present invention also provides a method 
of friction stir welding a workpiece including the steps of 
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mounting a friction stir welding tool to a rotatable spindle 
such that the friction stir welding tool rotates with the 
spindle. The friction stir welding tool is then inserted into 
a workpiece and moved through the surface of the work- 
piece to create a friction stir weld joint. The force exerted 
by the friction stir welding tool on the workpiece is meas- 
ured. The depth of the friction stir welding tool in the 
workpiece is automatically adjusted to optimize the 
force exerted by the friction stir welding tool upon the 
workpiece. Preferably, the depth of penetration of the 
friction stir welding tool in the workpiece is altered by 
automatically translating the friction stir welding tool in 
the axial direction relative to the spindle. 
[0011] Accordingly, there has been provided a friction 
stir welding device and an associated method of welding 
allowing for the formation of uniform friction stir weld 
joints in workpieces having complex, curvilinear ge- 
ometries. In particular, the friction stir welding apparatus 
is capable of measuring the force exerted by the friction 
stir welding tool upon the workpiece and effectively ad- 
justing the depth of the friction stir welding tool in the 
workpiece in order to optimize the depth of the tool and 
the uniformity of the weld joint. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The foregoing and other advantages and fea- 
tures of the invention, and the manner in which the same 
are accomplished, will become more readily apparent 
upon consideration of the following detailed description 
of the invention taken in conjunction with the accompa- 
nying drawings, which illustrate preferred and exempla- 
ry embodiments, and wherein: 

Figure 1 is a perspective view of a friction stir weld- 
ing device according to one embodiment of the 
present invention; 

Figure 2 is an exploded view further illustrating the 
embodiment of the friction stir welding device of Fig- 
ure 1; 

Figure 3 is a bottom view of the friction stir welding 
device of Figure 1; 

Figure 4 is a cross sectional view further illustrating 
the embodiment of the friction stir welding device of 
Figure 1; 

Figure 4A is a fragmentary cross sectional view 
along the lines 4A-4A in Figure 4 illustrating the pre- 
loaded support spring of the inner housing; 
Figure 5A is cross sectional view of a friction stir 
welding device of one embodiment illustrating the 
location of the cam followers relative to the first cou- 
pling member; 

Figure 5B is cross sectional view of the friction stir 
welding device of Figure 5A with directional arrows 
illustrating the translational movement of the friction 
stir welding tool relative to the spindle and the loca- 
tion of the cam followers relative to the first coupling 
member; 



Figure 5C is cross sectional view of a friction stir 
welding device of Figure 5A with directional arrows 
illustrating the translational movement of the friction 
stir welding tool relative to the spindle and the loca- 
5 tion of the cam followers relative to the first coupling 
member; 

Figure 6 is a fragmentary perspective view with di- 
rectional arrows illustrating the translational move- 
ment of the second coupling member relative to the 
first coupling member as both the first and second 
coupling members rotate in unison; 
Figure 7A is a fragmentary perspective view of the 
spindle housing of a milling machine; 
Figure 7B is a fragmentary exploded view of the 
spindle housing of a milling machine illustrating the 
removal of selected mounting bolts; 
Figure 7C is a fragmentary exploded view of one 
embodiment illustrating the attachment of the base 
member to the spindle housing of the milling ma- 
chine of Figure 7B; 

Figure 7D is a fragmentary perspective view of the 
base member and spindle housing of Figure 7C il- 
lustrating the removal of the remaining mounting 
bolts from the spindle housing; 
Figure 7E is a fragmentary perspective view of the 
base member and spindle housing of Figure 7D il- 
lustrating the installation of the secondary mounting 
bolts and bushings; 

Figure 7F is a fragmentary perspective view of the 
base member attached to the spindle housing; 
Figure 8A is a fragmentary perspective view illus- 
trating two workpieces to be joined by friction stir 
welding; 

Figure 8B is a plan view illustrating the conventional 
path of the numerically controlled friction stir weld- 
ing tool in a workpiece having a curvilinear geome- 
try and the optimum path as required by the actual 
surface geometry of the workpieces; and 
Figure 9 is a block diagram of a friction stir welding 
device according to an embodiment of the present 
invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0013] The present invention will now be described 
more fully hereinafter with reference to the accompany- 
ing drawings, in which a preferred embodiment of the 
invention is shown. This invention may, however, be em- 
bodied in many different forms and should not be con- 
strued as limited to the embodiments set forth herein; 
rather, this embodiment is provided so that this disclo- 
sure will be thorough and complete and will fully convey 
the scope of the invention to those skilled in the art. Like 
numbers refer to like elements throughout. 
[0014] Referring now to the drawings, and in particu- 
lar to Figures 1 and 2, there is shown a friction stir weld- 
ing device 14 according to one embodiment of the 
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present invention. The friction stir welding device in- 
cludes a milling machine (not shown) having a spindle 
1 5 in rotatable communication with a friction stir welding 
tool 16. As described below, the friction stir welding de- 
vice also includes means for measuring the force exert- 5 
ed by the friction stir welding tool upon a workpiece and 
means, responsive to the measuring means, for auto- 
matically translating the friction stir welding tool in the 
axial direction relative to the spindle in response to 
changes in the magnitude of the force exerted by the 10 
friction stir welding tool upon the workpiece. 
[0015] In a preferred embodiment, the friction stir 
welding device includes an outer housing 18 having a 
base member 20 and a riser 22. As shown in Figure 4, 
the riser includes an outer ring 24 slidably mounted to *5 
a support ring 26 through ball bearings 28 or roller bear- 
ings (not shown), as is well known in the art. The support 
ring is fixedly mounted to the base member using 
mounting bolts 30. The riser also includes a pulley 32, 
a cover 34, and a cap ring 36. The cover, pulley and the 20 
cap ring are fastened to the outer ring by a series of 
mounting bolts 38 that extend through corresponding 
apertures 40 contained in the outer ring, cap ring, cover, 
and pulley, and which are secured using washers 39 and 
nuts 41 . As shown in Figure 2, the underside of the pul- 25 
ley includes a flange 42 having a plurality of inclined sur- 
faces 44. In a preferred embodiment, each of the in- 
clined surfaces on the flange of the pulley corresponds 
to an inclined surface located on the topside of the cap 
ring. In the preferred embodiment, the inclined surfaces 30 
on the underside of the pulley and the topside of the cap 
ring, when properly aligned in a facing relationship, form 
a plurality of helical grooves. In an alternate embodi- 
ment (not shown), the underside of the pulley has a plu- 
rality of inclined surfaces while the topside of the cap 35 
ring is relatively even. 

[001 6] Referring now to Figures 4 and 7A-7F, the base 
member 20 is secured to the spindle housing 17 of the 
spindle 15 through an adaptor ring 19. As shown in Fig- 
ure 7A, the spindle housing of one embodiment is se- <o 
cured to the milling machine using eight mounting bolts 
21 . The adaptor ring of this embodiment includes a col- 
lar 37 also having eight apertures 35 that extend through 
the collar. The eight apertures 35 in the adaptor ring in- 
clude four primary apertures 23 and four secondary ap- 45 
ertures 25. The primary apertures have a diameter 
smaller than the diameter of the secondary apertures. 
Each of the eight apertures 35 corresponds to one of 
the eight mounting bolts 21. The adaptor ring also in- 
cludes a circular opening of sufficient diameter to re- 50 
ceive the spindle. The periphery of the circular opening 
is bordered by the collar 37. 

[0017] In order to mount the adaptor ring 19 to the 
spindle housing 17, four of the spindle-housing-mount- 
ing bolts 21 are removed, as is shown in Figure 7B. The 55 
adaptor ring is then positioned adjacent to the spindle 
housing such that the spindle 15 is aligned with and lo- 
cated within the circular opening in the adaptor ring. The 



primary apertures 23 in the adaptor ring are then aligned 
with the threaded openings 43 of the removed spindle- 
housing-mounting bolts 21. As shown in Figure 7C, four 
primary mounting bolts 27 are then inserted through the 
four primary apertures 23 and securely fastened within 
the threaded openings in the spindle housing. The pri- 
mary mounting bolts 27 are longer than the mounting 
bolts 21 removed from the spindle housing to compen- 
sate for the thickness t of the adaptor ring. 
[0018] The configuration of the spindle-housing- 
mounting bolts can vary from milling machine to milling 
machine. To accommodate any variances among the 
spindle-housing-mounting bolt configurations, more 
than one adaptor ring may be constructed, each having 
an aperture configuration in the collar of the adaptor ring 
corresponding to at least one of the spindle-housing- 
mounting bolt configurations. 

[0019] Referring now to Figure 7D, the diameter of 
each of the secondary apertures 25 in the adaptor ring 
is larger than the head size of the corresponding spin- 
dle-housing-mounting bolt 21 so that the remaining 
mounting bolts may be removed with the adaptor ring 
19 in place. Once the remaining mounting bolts 21 are 
removed, the secondary mounting bolts 29 and bush- 
ings 31 are inserted through the secondary apertures, 
as shown in Figure 7E, and securely fastened to the 
spindle housing. Figure 7F illustrates the adaptor ring 

19 mounted to the spindle housing. 

[0020] As shown in Figures 3 and 4, the base member 

20 is secured to the adaptor ring through mounting bolts 
33. The base member includes an aperture 43 for at 
least partially receiving an inner housing 48, as shown 
in Figure 2. The aperture in the base member and the 
internal cavity created by the outer housing 18 are both 
of sufficient diameter to allow the mounting bolts 33 to 
be fastened without the disassembly of the outer hous- 
ing. As such, the friction stir welding device of the 
present invention is portable, as it is capable of being 
easily removed from the spindle housing and transport- 
ed intact. 

[0021] Referring now to Figure 2, recirculating linear 
guides 50 are mounted to the underside of the base 
member through mounting bolts 52. The recirculating 
linear guides contain roller bearings or ball bushings 54 
for receiving the corners of the inner housing and secur- 
ing the inner housing relative to the base member. The 
inner housing has at least two cam followers 56 mount- 
ed to the exterior of the inner housing through mounting 
bolts 58, 60. The cam followers ride on the upper in- 
clined surface of the helical grooves of the riser 22. In a 
preferred embodiment, the inner housing is provided 
with at least two extension plates 62 for mounting cor- 
responding pre-loaded springs 64. As shown in Figures 
2 and 4A, the extension plates have apertures that align 
with corresponding apertures in the base member 20. 
The bolts 66 extend from the base member, through the 
corresponding apertures and protrude into the cavity 
formed by the riser. Each of the springs is positioned 
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around a respective bolt 66 and secured using washers 
68 and nuts 70. The positioning of the washer and nuts 
on the bolt compresses the spring creating the desired 
load in the spring. The pre-loaded springs act to force 
the cam followers against the inclined surfaces 44 on 5 
the flange 42 of the pulley 32. 

[0022] The friction stir welding device also includes a 
first coupling member 80 and a second coupling mem- 
ber 82 for communicating the rotation of the milling ma- 
chine spindle to the friction stir welding tool 16. The first 
coupling member has at one end a slide holder 84 for 
releasably securing the first coupling member to the 
spindle. At the opposite end, the first coupling member 
has a T-shaped member 86. As shown in Figure 4, the 
first coupling member is at least partially received 
through the aperture 43 in the base member 20. 
[0023] The second coupling member has at one end 
a slide or tool holder 88 with set screws 89 for securing 
the friction stir welding tool to the second coupling mem- 
ber. As shown in Figure 4, the slide or tool holder is se- 
cured to the second coupling member by bolt 91 . At the 
opposite end, the second coupling member has a U- 
shaped member 90 secured by bolts 93 for receiving the 
T-shaped member of the first coupling member 80. As 
shown in Figure 6, the first and second coupling mem- 
bers rotate in unison with the spindle. Advantageously, 
the T-shaped member of the first coupling member has 
rollers 92 rotatably attached to the opposing ends of the 
T-shaped member so that the U-shaped member can 
move axially relative to the T-shaped member without 
interfering with the rotational movement of the first and 
second coupling members, or the spindle and the fric- 
tion stir welding tool. In another embodiment (not 
shown), the U-shaped member is positioned on the end 
of the first coupling member while the T-shaped member 
is positioned on the end of the second coupling member. 
[0024] As shown in Figure 4, the inner housing 48 has 
an aperture for at least partially receiving the second 
coupling member 82. The inner housing also has a plu- 
rality of roller bearings 95 positioned along the contact 
surfaces between the second coupling member and the 
inner housing so that the second coupling member may 
rotate relative to the inner housing. 
[0025] The friction stir welding device is also provided 
with means for automatically translating the friction stir 
welding tool 16 in the axial direction relative to the spin- 
dle 15. In one embodiment, as shown in Figures 1 , 2, 3, 
and 4, the axial translating means of the friction stir weld- 
ing device includes a servomotor 94 and a belt drive as- 
sembly 96. For example, the servomotor may include a 
Kollmorgen ServoDisc DC motor. The belt drive assem- 
bly includes a shaft 98 in operable communication with 
the motor, a primary pulley 100 in operable communi- 
cation with the shaft, and a belt 102 in operable com- 
munication with both the primary pulley 100 and the pul- 
ley 32 of the outer housing 18. According to one embod- 
iment, the motor is mounted on one side of the base 
member 20 through a series of mounting botts 104. The 



primary pulley of this embodiment is then supported on 
the other side of the base member by a secondary sup- 
port member 106 secured to the base member by 
mounting bolts 108. 

[0026] Advantageously, rotation of the pulley 32 of the 
outer housing 18 rotates the riser 22 causing the cam 
followers 56 to ride upon the upper inclined surfaces of 
the helical grooves. As shown in Figure 5A-5C, move- 
ment of the cam followers 56 along the inclined surface 
modifies the axial position of the friction stir welding tool 
1 6 relative to the spindle. Initially, the friction stir welding 
tool is plunged into the workpiece to the proper depth 
within the workpiece. As shown in Figure 5A, the cam 
followers maybe initially positioned at the median point 
of the respective inclined surface so that the distance 
between the T-shaped member 86 of the first coupling 
member 80 and the cam followers is a distance desig- 
nated by a'. The cam followers are maintained in this 
position so long as the depth of the friction stir welding 
tool, and thus the force exerted by the tool upon the 
workpiece, remains constant. 

[0027] As shown in Figure 5B, rotation of the motor in 
the clockwise direction causes the cam followers 56 to 
ride up the inclined surfaces, stopping at the point of 
highest elevation. As illustrated by the arrows in Figure 
5B, the movement of the cam followers causes the inner 
housing, and thus the U-shaped member 90 and the fric- 
tion stir welding tool 16, to move axially upwards relative 
to the T-shaped member 86 and the spindle 15. The dis- 
tance between the T-shaped member and the cam fol- 
lowers at this position is designated a". Advantageously, 
as the inner housing and the U-shaped member move 
axially upwards, the T-shaped member slides within the 
groove of the U-shaped member, thereby adjusting the 
axial position of the friction stir welding tool without in- 
terfering with the rotation of either the spindle or the fric- 
tion stir welding tool. As the cam followers ride up the 
inclined surface, the depth of the friction stir welding tool 
decreases. 

[0028] Similarly, as shown in Figure 5C, rotation of the 
motor in the counterclockwise direction causes the cam 
followers 56 to ride down the inclined surfaces, stopping 
at the point of lowest elevation. As illustrated by the ar- 
rows in Figure 5C, the movement of the cam followers 
causes the inner housing, and thus the U-shaped mem- 
ber 90 and the friction stir welding tool, to move axially 
downwards relative to the T-shaped member 86 and the 
spindle 15. The distance between the T-shaped mem- 
ber and the cam followers at this position is designated 
a. Advantageously, as the inner housing and the U- 
shaped member move axially downwards, the T-shaped 
member slides out of the groove of the U-shaped mem- 
ber, thereby adjusting the axial position of the friction stir 
welding tool without interfering with the rotation of either 
the spindle or the friction stir welding tool. As the cam 
followers ride down the inclined surface, the depth of the 
friction stir welding tool increases. 
[0029] The throw of the cam followers is equal to the 
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difference between the designations a and a". In a pre- 
ferred embodiment, the throw will be in the range of 
approximately .1 inches to .25 inches. However, the 
throw of the cam followers may be varied so long as it 
is large enough to account for any reasonable tolerance 
build-up in the workpieces. For a relatively large throw, 
the friction stir welding device may also be used to feed 
the friction stir welding tool into and out of the workpiece 
in addition to maintaining the tool at a predetermined 
depth of penetration in the workpiece. 
[0030] As previously discussed, in one embodiment, 
the inclined surfaces on the underside of the pulley and 
the topside of the cap ring, when properly aligned in a 
facing relationship, form a plurality of helical grooves. 
The length of the helical grooves is dependent upon sev- 
eral parameters, including the desired throw of the cam 
followers and the slope of the helical grooves. The slope 
of the helical grooves is in turn at least partially depend- 
ent upon the available power output from the axial trans- 
lating means. Preferably, the slope has a more gradual 
incline for axial translating means having relatively small 
available power outputs than for axial translating means 
with large available power outputs. In one embodiment, 
each helical groove will span a distance approximately 
equal to (rcr)((360E/n)/1 80E), where n designates the to- 
tal number of helical grooves and r designates the dis- 
tance from the axis of the second coupling member to 
the center of the helical groove. However, the helical 
grooves can span a combined distance greater than or 
less than the circumference of the circle which has as 
its center axis the second coupling member. Where the 
helical grooves span a combined distance greater than 
27ir, r again designating the distance from the axis of the 
second coupling member to the center of the helical 
groove, the point of lowest elevation of each helical 
groove will overhang the point of highest elevation of the 
adjacent helical groove. 

[0031] The axial translating means may also include 
a servomotor and gear drive assembly, a power screw, 
a pneumatic actuator arm, or a hydraulic actuator arm. 
In one embodiment (not shown), the pulley 32 of the out- 
er housing is replaced with a crowngear that is driven, 
such as in a 1:9 transmission ratio, by a pinion that is 
attached to the shaft of the servomotor/gearbox. The 
drive preferably contains a planetary transmission of 
about 1 :1 00. For a friction stir welding device having two 
helical grooves, each spanning approximately 1 70E and 
having a rise or throw of .1 inches, the total transmission 
ratio would require that the motor perform 440 revolu- 
tions for .1 inches of travel. 

[0032] The friction stir welding device also includes 
means for measuring the force exerted by the friction 
stir welding tool upon the workpiece. As shown in Figure 
2, the means for measuring may include one or more 
strain gages 110. A plurality of strain gages may be used 
to form a strain-gage load cell for greater accuracy. 
Strain gages have an advantage over piezoelectric gag- 
es in that strain gages do not leak the signal and deliver 



a real DC signal. However, the measuring means may 
also include other types of sensors, such as piezoelec- 
tric load cells, dynamometers for measuring torque, 
pneumatic load cells, or hydraulic load cells, all of which 

5 are well known in the art. 

[0033] In another embodiment in which a servomotor 
in conjunction with either a belt drive or gear drive serves 
as the axial translating means, the servomotor current 
may be used as a measure of the axial force of the fric- 

10 tion stir welding tool upon the workpiece since the whole 
feed drive chain is reasonably friction free. In other 
words, the axial force of the friction stir welding tool may 
be resolved from the current required to turn the riser 22. 
[0034] The measuring means also preferably in- 

15 eludes a computing means, such as a computer or con- 
troller operating under software control. The computing 
means is in electrical communication with both the 
measuring means and the axial translating means so as 
to automatically translate the friction stir welding tool 16 

20 jn the axial direction relative to the spindle 15. In a pre- 
ferred embodiment, the computing means will also be 
in electrical communication with the milling machine, 
however, electrical communication of the computing 
means with the milling machine is not necessary to prac- 

25 tice the invention. 

[0035] As shown in Figure 9, in operation, the com- 
puting means compares the magnitude of the force ex- 
erted by the friction stir welding tool upon the workpiece, 
as measured by the measuring means, to a predeter- 

30 mined range or value. In a preferred embodiment, the 
predetermined value or range will be between 100 lbs. 
and 10,000 lbs. For example, a .04" thick lap weld will 
require a predetermined range between 600 lbs and 
1000 lbs, with a preferred predetermined range of 600 

35 lbs to 700 lbs. For a .5" thick butt weld, the predeter- 
mined value may be 10,000 lbs. The magnitude of the 
force exerted by the friction stir welding tool is related 
to the feed rate, material properties, and the depth of 
penetration of the friction stir welding tool in the work- 

40 piece. If the magnitude of the force is too low, the com- 
puting means instructs the axial translating means to ax- 
ially translate the friction stir welding tool downwards. If 
the magnitude of the force is too high, the computing 
means instructs the axial translating means to axially 

45 translate the friction stir welding tool upwards. The proc- 
ess of measuring the magnitude of the force exerted by 
the friction stir welding tool upon the workpiece is carried 
out repeatedly during the friction stir welding process in 
order to optimize the depth of the friction stir welding 

50 tool and compensate for tolerance build-up in the work- 
piece or workpieces. 

[0036] In one embodiment, the measuring means in- 
cludes one or more strain gages in electrical communi- 
cation with a controller. The controller of this embodi- 
55 ment is also in electrical communication with the axial 
translating means, such as a servomotor which is, in 
turn, in operable communication with the pulley 32 of 
the outer housing 18 through a primary pulley 100 and 
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belt 1 02. Preferably, the strain gages of this embodiment 
are positioned on the arms carrying the shafts of the cam 
followers so that the strain-gages will be in a nonrotating 
part of the friction stir welding device. The electrical sig- 
nal representing the force exerted by the friction stir 
welding tool upon the workpiece is communicated by the 
strain gages to the controller. The controller then com- 
pares the magnitude of the force, as resolved from the 
electrical signal communicated by the strain gages, to 
an optimum value or range. If the magnitude is too low, 
the controller directs the servomotor to rotate the prima- 
ry pulley of this embodiment in the counterclockwise di- 
rection, thereby rotating the outer housing in the coun- 
terclockwise direction, as shown in Figure 5C. This 
movement increases the depth of the friction stir welding 
tool in the workpiece, thus increasing the force exerted 
by the friction stir welding tool upon the workpiece. The 
controller continues to instruct the servomotor to turn 
the primary pulley until the depth of the friction stir weld- 
ing tool in the workpiece imparts a force having a mag- 
nitude within the optimum range. Once the magnitude 
of the force enters the optimum range, the controller di- 
rects the servomotor to maintain the torque necessary 
to hold the primary pulley in position so as to maintain 
the depth of the friction stir welding tool within the work- 
piece. 

[0037] Alternatively, if the magnitude of the force is too 
high, the controller directs the servomotor to rotate the 
primary pulley of this embodiment in the clockwise di- 
rection, thereby rotating the outer housing in the clock- 
wise direction, as shown in Figure 5C. This movement 
decreases the depth of the friction stir welding tool in 
the workpiece, thus decreasing the force exerted by the 
friction stir welding tool upon the workpiece. The con- 
troller continues to instruct the servomotor to turn the 
primary pulley until the depth of the friction stir welding 
tool in the workpiece imparts a force having a magnitude 
within the optimum range. Once the magnitude of the 
force enters the optimum range, the controller directs 
the servomotor to maintain the torque necessary to hold 
the primary pulley in position so as to maintain the depth 
of the friction stir welding tool within the workpiece. 
[0038] Although several examples of measuring 
means and axial translating means have been provided, 
it should be appreciated that other combinations of 
measuring means and axial translating means can be 
utilized while falling within the scope of the present in- 
vention. 

[0039] The present invention also provides a method 
of friction stir welding a workpiece. The method of fric- 
tion stir welding includes the steps of mounting a friction 
stir welding tool to the friction stir welding device so as 
to be in operable communication with a rotatable spin- 
dle. The friction stir welding tool is then inserted into a 
workpiece to a predetermined depth. The friction stir 
welding tool is then moved through the workpiece to cre- 
ate a friction stir weld joint. The magnitude of the force 
exerted by the friction stir welding tool on the workpiece 



is measured by the measuring means. The computing 
means then resolves the magnitude of the force exerted 
by the friction stir welding tool from the measured value. 
Thereafter, the computing means compares the magni- 
5 tude of the force exerted by the friction stir welding tool 
to an optimum range or value. If the magnitude is too 
low, the computing instructs the axial translating means 
to plunge the friction stir welding tool into the workpiece. 
If the magnitude is too high, the computing means in- 
structs the axial translating means to withdraw the fric- 
tion stir welding tool from the workpiece. Preferably, the 
depth of the friction stir welding tool in the workpiece is 
adjusted by automatically translating the friction stir 
welding tool in the axial direction relative to the spindle. 
The measuring, resolving, comparing and adjusting 
steps are then repeated to optimize the depth of the fric- 
tion stir welding tool and the uniformity of the weld joint, 
during the friction stir welding process. 
[0040] In the drawings and the specification, there has 
been set forth a preferred embodiment of the invention 
and, although specific terms are employed, the terms 
are used in a generic and descriptive sense only and 
not for purpose of limitation, the scope of the invention 
being set forth in the following claims. 



Claims 

1. An apparatus for attachment to a rotatable spindle 
30 for controlling the force exerted by a friction stir 
welding tool upon a workpiece, comprising: 

an inner housing defining an aperture through 
which said friction stir welding tool at least par- 
35 tially extends, said inner housing having a plu- 

rality of cam followers; 

an outer housing defining an aperture for at 
least partially receiving said inner housing, said 
outer housing having a base member and a ris- 
40 er, said riser rotatably mounted to said base 

member and defining a plurality of inclined sur- 
faces upon which said plurality of cam followers 
ride; 

means for measuring the magnitude of force 
45 exerted by the friction stir welding tool upon the 

workpiece; and 

means, responsive to said measuring means 
and in rotatable communication with said riser, 
for rotating said riser relative to said inner hous- 
50 ing to thereby move the cam followers along the 

respective inclined surfaces so as to modify the 
force exerted by the friction stir welding tool up- 
on the workpiece. 

55 2. An apparatus according to Claim 1 wherein said 
means for measuring comprises a sensor and com- 
puting means in electrical communication with said 
sensor, and wherein said sensor is selected from a 
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drive assembly, and wherein said drive assembly is 
selected from a group consisting of a belt drive and 
a gear drive. 

5 8. An apparatus according to Claim 5 wherein said ax- 
ial translating means comprises at least one power 
screw. 

9. An apparatus according to Claim 5 wherein said ax- 
10 ial translating means is comprised of an actuator as- 
sembly selected from a group consisting of at least 
one pneumatic actuator arm and at least at least 
one hydraulic actuator arm. 



group consisting of a strain-gage load cell, a piezo- 
electric load cell, a dynamometer, a pneumatic load 
cell, and a hydraulic load cell. 

3. An apparatus according to Claim 1 wherein said ro- 
tating means comprises a drive assembly and a mo- 
tor in operable communication with said drive as- 
sembly, and wherein said drive assembly is select- 
ed from a group consisting of a belt drive and a gear 
drive. 

4. An apparatus according to Claim 1 wherein said ro- 
tating means is comprised of an actuator assembly 
selected from a group consisting of at least one 
pneumatic actuator arm and at least at least one 
hydraulic actuator arm. 

5. An apparatus for attachment to a rotatable spindle 
for controlling the force exerted by a friction stir 
welding tool upon a workpiece, comprising: 

a first coupling member having first and second 
opposing ends, said first opposing end of said 
first coupling member adapted to engage the 
rotatable spindle; 

a second coupling member having first and 
second opposing ends, said first opposing end 
of said second coupling member adapted to re- 
ceive the friction stir welding tool, said second 
opposing end of said second coupling member 
adapted to engage said second opposing end 
of said first coupling member to thereby com- 
municate the rotation of the spindle to the fric- 
tion stir welding tool and to permit axial trans- 
lation of the friction stir welding tool relative to 
the spindle; 

means for measuring the magnitude of force 
exerted by the friction stir welding tool upon the 
workpiece; and 

means, responsive to said measuring means, 
for axially translating said second coupling 
member relative to said first coupling member 
so as to axially translate the friction stir welding 
tool relative to the spindle in order to modify the 
force exerted by the friction stir welding tool up- 
on the workpiece. 

6. An apparatus according to Claim 5 wherein said 
means for measuring comprises a sensor and com- 
puting means in electrical communication with said 
sensor, and wherein said sensor is selected from a 
group consisting of a strain-gage load cell, a piezo- 
electric load cell, a dynamometer, a pneumatic load 
cell, and a hydraulic load cell. 

7. An apparatus according to Claim 5 wherein said ax- 
ial translating means comprises a drive assembly 
and a motor in operable communication with said 



15 10. An apparatus for friction stir welding, comprising: 

a milling machine having a rotatable spindle; a 
friction stir welding tool in rotatable communi- 
cation with said spindle; 
20 means for measuring the magnitude of force 

exerted by the friction stir welding tool upon the 
workpiece; and 

means, responsive to said measuring means, 
for automatically translating the friction stir 
25 welding tool in the axial direction relative to said 

rotatable spindle to thereby modify the force ex- 
erted by the friction stir welding tool upon the 
workpiece. 

30 11. An apparatus according to Claim 10 wherein said 
means for measuring comprises a sensor and com- 
puting means in electrical communication with said 
sensor, and wherein said sensor is selected from a 
group consisting of a strain-gage load cell, a piezo- 
35 electric load cell, a dynamometer, a pneumatic load 
cell, and a hydraulic load cell. 

12. An apparatus according to Claim 10 wherein said 
automatic translating means comprises a drive as- 
40 sembly and a motor in operable communication with 
said drive assembly, and wherein said drive assem- 
bly is selected from a group consisting of a belt drive 
and a gear drive. 

45 13. An apparatus according to Claim 10 wherein said 
automatic translating means comprises at least one 
power screw. 

14. An apparatus according to Claim 10 wherein said 
50 automatic translating means is comprised of an ac- 
tuator assembly selected from a group consisting 
of at least one pneumatic actuator arm and at least 
at least one hydraulic actuator arm. 

55 15. A method of friction stir welding a workpiece, com- 
prising: 

mounting a friction stir welding tool to a rotata- 
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bie spindle such that the friction stir welding tool 

rotates with the spindle; 

inserting the friction stir welding tool into a 

workpiece; 

measuring the force exerted by the friction stir 5 
welding tool on the workpiece; and 
automatically adjusting the depth of the friction 
stir welding tool in the workpiece to thereby 
modify the force exerted by the friction stir weld- 
ing tool upon the workpiece. 10 

16. A method as claimed in Claim 15, further compris- 
ing the step of: 

automatically translating the friction stir weld- 
ing tool in the axial direction relative to the spindle 1$ 
to thereby modify the force exerted by the friction 
stir welding tool upon the workpiece. 

17. A method as claimed in Claim 15, further compris- 
ing the step of: 20 

moving the friction stir welding tool through 
the workpiece to create a friction stir weld joint. 
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